Quantitative proteomics was used to show that three distinct catalytic subunits are present in an equimolecular ratio in the cellulose synthase complex. 
INTRODUCTION
Cellulose, the most abundant polymer on earth, is found in plants but also in algae, oomycetes, bacteria, and some animal species. Cellulose consists of 1,4-ß-linked glucan chains that assemble into semi-crystalline parallel arrays or microfibrils. These microfibrils, with their high tensile strength, have a loadbearing function in plant cell walls. The pattern of association of glucan chains and hence the size and shape of the microfibrils, depends on the organisation of the plasma membrane-embedded cellulose synthase complex (CSC) (Brown et al. 2007; Tsekos 1999) . For instance, many bacteria and various algae form linear arrays of multiple cellulose synthase catalytic (CESA) subunits, which synthesize ribbon-shaped microfibrils. Charophytes and landplants instead, have hexameric CSCs, also referred to as rosettes, which produce elementary microfibrils with a cross section of around 3nm and which can form higher order aggregates depending on the cell types and the growth stage (Ding et al. 2006; Harris et al. 2010) . Recently, the crystal structure of the cellulose synthase BcsA of Rhodobacter sphaeroides in complex with the accessory protein BcsB was solved (Morgan et al. 2013 ). The structure shows that each CESA subunit has a single catalytic site that synthesizes the 180° alternating glycosidic bonds of the glucan chain. Plant CESAs are encoded by a multigene family, for instance, Arabidopsis has 10 CESA isoforms.
The catalytic domain of plant CESAs is homologous to that of the bacterial CESAs (Pear et al. 1996) and the conserved parts of the protein could be fitted onto the bacterial structure (Pear et al. 1996; Sethaphong et al. 2013) , suggesting a conserved synthesis mechanism. Within the catalytic domain, two regions are plant specific (i.e. the plant-conserved region (P-CR) and the Class Specific Region (CSR) (Pear et al. 1996; Vergara et al. 2001 ). Genetic analysis, combined with co-immunoprecipitation experiments on detergent solubilized membranes, show that higher plants have two types of CSC specialized for cellulose synthesis in primary and secondary cell walls respectively (Kumar et al. 2014; McFarlane et al. 2014) . Each of these CSC types contain three distinct CESA subunits. In Arabidopsis this corresponds to CESA1, 3 and 6 for primary cell wall CSCs (Desprez et al. 2007; Persson et al. 2007 ) and CESA4, 7 and 8 for secondary wall CSCs (Taylor et al. 2003) .
Moreover yeast split-ubiquitin interaction studies, and in vivo bimolecular fluorescence complementation (BiFC) show that CESAs can form homo-or hetero-dimers (Carroll et al. 2012; Desprez et al. 2007; Timmers et al. 2009 ). In addition to the CESAs, other proteins are associated at least with the primary cell wall CSC, such as the membrane-bound cellulase KORRIGAN (KOR)1 (Lei et al. 2014; Vain et al. 2014 ) and CELLULOSE SYNTHASE INTERACTING PROTEIN (CSI), which links CSCs to microtubules (Li et al. 2012) . The exact stoichiometry of the CESAs within the CSC is not known. Such information is needed to understand the assembly of the CSC and the role of the different subunits in the formation of the crystalline microfibril. Here, we used co-immunoprecipitation and quantitative proteomics to determine the stoichiometry of the CESA subunits in primary cell wall CSCs.
RESULTS AND DISCUSSION
The Arabidopsis genome contains 10 CESA genes (Richmond et al. 2000) . In dark-grown seedlings, CSCs contain three CESAs: CESA1, CESA3 and a third class of CESAs, represented by CESA2, 5, 6 and 9 (collectively referred to as CESA6-like), which are thought to compete for the same position in the complex, (Desprez et al. 2007; Persson et al. 2007) . Finally, CESA10 is most closely related to CESA1 but its function has not been studied so far. To simplify the analysis of the stoichiometry of the CESA subunits in the CSC, we first removed the redundancy for CESA6 by using a ces2/cesa5 loss of function mutant. This double mutant has no visible phenotype as a dark-grown seedling nor as an adult greenhouse-grown plant (Desprez et al. 2007 ).
CESA9 was not considered here since it is primarily expressed in the seed coat and embryo with very low expression in young seedlings (Beeckman et al. 2002; Persson et al. 2007; Stork et al. 2010) . We also did not study CESA10 since its transcript levels are highest in developing embryos and very low (at least 500-fold lower than CESA1) or undetectable in dark-grown seedlings (https://www.genevestigator.com/gv/). To reliably determine the stoichiometry of the three CESA isoforms in the CSC, we first immunoprecipitated the complex, using anti-CESA antisera, prior to the LC-MS/MS analysis. A problem with this approach is that the antiserum not only precipitates the protein complex but also free target CESA protein, which precludes any quantitative analysis of the stoichiometry in the complex. To circumvent this problem we carried out three immunoprecipitations, using antisera against each of the three CESA isoforms, and only took into account in the analysis the respective non-target proteins. In this way, we expected to quantify only the CESAs that were part of heteromeric protein complexes. Total proteins were extracted from cesa2/cesa5 young seedlings under nondenaturing conditions, and complexes were co-immunoprecipitated using three antibodies specifically directed against the N-terminal domain of CESA1, 3 and 6 respectively (Desprez et al. 2007 ). The coimmunoprecipitation products were loaded on a denaturing 1D electrophoresis gel. Each antibody precipitated a 120-130 kDa band, a M.W. that corresponds to that of the CESA proteins (Figure 1 ). These bands were extracted from the gel and processed for LC-MS/MS analysis. After in gel tryptic digestion of the bands and LC-MS/MS analysis we used label-free spectral counting to determine the relative abundance of the CESAs in the coimmunoprecipitated bands. The analysis of the LC-MS/MS data showed that in each experiment, the total number of MS/MS spectra identified for the CESAs was comparable for the three co-immunoprecipitations (Table I ). The sequence coverage for the three CESA proteins ranged from 25 to 35 % and the proteotypic peptides (a peptide sequence that is found only in one of the three CESAs) aligned all along the sequence of the proteins (Supplemental Table I ). As expected, the analysis showed that the co-immunoprecipitation resulted in the preferential enrichment of the isoform targeted by the antibody (Table I, in bold). This also underscores the specificity of the three antibodies for the respective CESA isoforms. All the LC-MS/MS data (available in the Supplemental file_Raw data) were analyzed using the X! Tandem open source software (http://pappso.inra.fr/bioinfo/xtandempipeline/). We choose to express the relative abundance of the CESA using the PAI (Protein Abundance Index). The PAI estimates the relative abundance of a protein and is calculated as the number of identified spectra divided by the number of theoretical peptides of the protein (theoretical peptide number corresponds to the number of peptides resulting from the theoretical digestion of the protein by trypsin and that are visible in mass spectrometry (800<MH<2500)).
As mentioned above, for the pairwise ratios of the three CESA calculated from the PAI we only took into account the two non-target isoforms for each co-immunoprecipitation. The relative ratios of the protein abundance indexes (PAI) were respectively: CESA6/CESA3 = 1,062; CESA1/CESA6 = 1,009 and CESA3/CESA1 = 1,112 (Table II) . Similar ratios were obtained when using the number of unique peptides or the number of specific peptides determined by X!tandem (see green boxes in the "Assessment of all the data" sheet in Supplemental Table II ). In conclusion, our results support a 1:1:1 stoichiometry of CESA, CESA3 and CESA6 in the primary cell wall CSC.
Our results exclude previous models based upon a 1:2:3 ratio of CESA isoforms in the complex (Ding et al. 2006), but they do not allow the distinction between models based on 3 or 6 subunits per globule that is to say 18 (3x6) or 36 (6x6) CESAs per CSC. If we assume that each CSC produces one elementary microfibril and that all CESAs in the CSC are catalytically active, this would correspond to either 18 or 36 glucan chains per microfibril. Most spectroscopic and diffraction techniques converge on a diameter of around 3 nm for an elementary microfibril, which is too small to contain 36 chains. In addition, a recent study (Newman et al. 2013) showed that best fits with X-ray diffraction data are obtained either with models based on 18 glucan chains, when allowing for occasional coalescence (or "twinning") between microfibrils, or 24 chains, without twinning.
The latter 24-chain model would imply that each CSC globule contains 4 CESAs, a possibility that can be excluded given the 1:1:1 stochiometry of the three CESAs and if one assumes that all CESAs in the complex are active. A model with 6x3 CESAs would therefore fit best the microfibril structural data, however it would contradict observations suggesting CESA dimerization (Kurek et al. 2002; Olek et al. 2014) or the presence of even-numbered oligomers (dimers, tetramers) and no trimers in co-immunoprecipitation experiments on secondary cell wall CSCs (Atanassov et al. 2009 ).
Our proteomic analysis was carried out on a cesa2/cesa5 double mutant, in which CESA6 is expected to act nonredundantly (the fourth CESA6-like isoform CESA9 is not expressed in dark-grown seedlings). However in WT plants, CESA2 and CESA5 compete for the same position in the complex, suggesting the presence of distinct CSC subpopulations. It therefore will be interesting to study the stoichiometry of CSCs also in a WT context. Finally it will be important to determine also the stoichiometry of other proteins such as KOR1 or CSI within the CSC.
MATERIALS AND METHODS

Plant material and in vitro growth conditions
Arabidopsis WT ecotype Col0 and cesa2/cesa5 double mutant lines (Desprez et al. 2007 ) in the Col0 background were grown in the dark at 20°C without sucrose as described (Desprez et al. 2007 ).
Co-immunoprecipitation experiments
30 grams of 3-day-old dark-grown cesa2/cesa5 seedlings were ground in liquid nitrogen, and the powder transferred to either 6 ml of IP buffer (50 mMTris HCl, pH 8, 150 mM NaCl, 2% Triton X-100, containing 1% (w/v) insoluble polyvinylpyrrolidone (Polyclar AT), plant protease inhibitor cocktail and phosphatase inhibitor mixtures 2 and 3 (Sigma, St. Louis, MO) used, respectively, at a 100-and 200-fold dilution. A cleared cell lysate was obtained by centrifugation at 8,000 g for 10 min and filtration of the supernatant through Miracloth. The supernatant was split into three equal fractions and supplemented with the purified polyclonal antisera directed against CESA1, CESA3 or CESA6 at 1/400, 1/50 and 1/200 respectively. The IPs were carried out according to established protocols (Harlow et al. 1999) . CESA proteins bound on Protein A-Dynabeads were heated 10 min at 80 °C in Laemmli buffer, and SDS-PAGE was performed using NuPAGE 4-12% Bis-Tris 10-wells gel with NuPAGE MOPS-SDS running buffer.
Sample preparation and in-gel digestion
After GelCode Blue Staining (Thermo Scientific™) of the SDS-PAGE, the bands corresponding to the CESA Table II_Raw data) .
Label-free method for the relative quantification of the CESA isoforms using LC-MS/MS data
For relative quantification of the CESA isoforms, we used the number of spectra obtained during protein identification by MS. The number of spectra is admitted to be proportional to the abundance of a given protein.
For each CESA, we calculated an abundance factor derived from the protein abundance index (PAI) developed in M. Mann's group (Ishihama et al. 2005) . The experimental number of spectra was normalized according to the theoretical number of peptides released after trypsin hydrolysis and having a mass ranging between 800 and 2500 Da. Therefore, the abundance index represents the relative abundance of a given protein taking into account its mass and tryptic digestibility. 
